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Optical second-harmonic generation (SHG) is a nonlinear parametric process that 
doubles the frequency of incoming light. Only allowed in non-centrosymmetric materials1, 
it has been widely used in frequency modulation of lasers2, surface scientific investigation3, 
and label-free imaging in biological and medical sciences4. Two-dimensional crystals are 
ideal SHG-materials not only for their strong light-matter interaction5 and atomic 
thickness defying the phase-matching requirement but also for their stackability into 
customized hetero-crystals with high angular precision and material diversity6. Here we 
directly show that SHG in hetero-bilayers of transition metal dichalcogenides (TMDs) is 
governed by optical interference between two coherent SH fields with material-dependent 
phase delays using spectral phase interferometry. We also quantify the frequency-
dependent phase difference between MoS2 and WS2, which also agrees with polarization-
resolved data and first-principles calculations on complex susceptibility. The second-
harmonic analogue of Young’s double-slit interference shown in this work demonstrates 
the potential of custom-designed parametric generation by atom-thick nonlinear optical 
materials. 
 
 Two-dimensional (2D) materials have emerged as promising platforms for various 
photonic applications such as ultrafast photodetectors of gapless graphene7, valleytronics of 
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semiconducting TMDs8, and single-photon emitters of insulating hBN9. Their interaction with 
light is further diversified and strengthened not only by their wide-varying electronic structures 
but also their low dimensionality and reduced dielectric screening10. The second-order 
polarization responsible for SHG is also greatly enhanced by the strong excitonic resonances 
in TMDs11,12. The complex nature of the nonlinear susceptibility arising from the light 
absorption13 provides another control, the phase delay between the fundamental and SH waves, 
to manipulate the photonic process. In this work, we report interferometric mixing of SH lights 
generated in van der Waals hetero-crystals (vdW) consisting of single layers (1Ls) of MoS2 
and WS2. We also show that the mixing is governed by SHG phase delays characteristic of 
materials, and quantify them by spectral phase interferometry. VdW stacks of 2D crystals are 
an excellent photonic system not only for distinctive electronic structures but also for facile 
integration into photonic structures including waveguides14 and cavities15.  
  As model systems (Fig. 1a & Fig. S1), homo-bilayers of MoS2/MoS2 (2LMoMo) and 
hetero-bilayers of MoS2/WS2 (2LMoW) were fabricated on fused quartz substrates by the 
deterministic dry transfer method16,17 (see Methods). The stack angle (𝜃s: 0 ~ 60
o) between two 
single layers (1Ls) as defined in Fig. 1b could be controlled within one degree during the 
transfer step using the crystallographic orientations of each layer determined by SHG 
measurements. The step height determined from the topographic AFM image in Fig. 1a was 
1.0 ± 0.2 nm, which indicated that its vdW gap size of 2LMoW was close to that of 2H-type 
bilayers18, and thus the two 1Ls were in good contact. An average gap size obtained for multiple 
samples of 2LMoW and 2LMoMo was 1.0 ± 0.1 nm (see Fig. S1 for more samples and also 
Methods for post-stacking treatments). Raman and photoluminescence spectroscopy showed 
that individual 1Ls were of high quality and the artificial stacking did not induce significant 
changes (Fig. S2). As schematically shown in Fig. 1b, the frequency-doubling process was 
induced in the samples by a plane-polarized fundamental beam (frequency 𝜔) focused with a 
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refractive objective lens. 𝐼∥, SHG signal parallel to the electric field of the fundamental beam 
(𝐸𝜔), was collected using a polarizer from bilayers and their unstacked 1Ls by varying the 
azimuthal angle (𝜃) of 𝐸𝜔 in the basal plane (Fig. 1b). The second-order susceptibility tensor 
of 𝐷3ℎ
1  space group which 1L MoS2 and WS2 belong to requires that 𝐼∥  is proportional to 
cos23𝜃 and reaches a maximum when 𝐸𝜔 is parallel to armchair directions (𝐴𝐶⃗⃗⃗⃗  ⃗) as marked in 
Fig. 1b (see Supplementary Note A)19. Indeed, the unstacked 1L areas of 2LMoMo (Fig. 1c) and 
2LMoW (Fig. 1d) obeyed the predicted angular relation exhibiting 6-fold symmetry with angular 
nodes as 𝜃 was varied by rotating the sample. Then, the difference in the angles for maximum 
intensities, 33o (34o) for 2LMoMo (2LMoW), corresponded to 𝜃𝑠. Between two candidate angles 
(one < 30o and the other > 30o) for 𝜃𝑠, the one that was bisected by the six lobes of bilayers 
(blue circles in Fig. 1c & d) was defined as 𝜃𝑠. 
We found that the SHG response of hetero-bilayers was distinctive from that of homo-
bilayers. The polar graph of 2LMoMo blue-shaded in Fig. 1c also exhibited 6-fold symmetry with 
obvious nodes like those of 1Ls. As the bottom and top MoS2 1Ls are coherently polarized by 
the fundamental pulse at 800 nm, the SHG signal is the superposition of the SH fields generated 
in both layers19,20. This interpretation was directly confirmed by the fact that the data of 2LMoMo 
matched well with the blue dotted line representing the vectorial superposition of the SH fields 
from the two individual MoS2 1Ls (see Supplementary Note B). In contrast, 2LMoW (blue-
shaded in Fig. 1d) lacked nodes despite its 6-fold symmetry, which could not be explained by 
the simple superposition (blue dotted line in Fig. 1d). Notably, its minimum intensity was 
substantially high (37% of the maximum) unlike that of 2LMoMo which remained typically 
below 0.5% (Fig. 1e). The anomaly was observed in multiple hetero-bilayers with various stack 
angles. Whereas all the samples exhibited the 6-fold symmetry (Fig. S3), the 
minimum/maximum intensity ratio (R) was higher for larger 𝜃𝑠, but the opposite for 𝜃𝑠 > 40
o 
as shown in Fig. 1f.  
 4 
 
The anomaly suggests that the SH light from hetero-bilayers contains complexity 
beyond a simple plane polarization. SHG polar graphs remained unchanged (Fig. S4) after 
vacuum annealing which drastically affected interface quality (Fig. S1). This fact implied that 
the anomaly is induced by neither charge nor energy transfer. To anatomize the polarization 
state of SHG signals, we performed polarization-resolved measurements by rotating the 
analyzing polarizer located in front of the detector (see Methods). As shown in Fig. 2a, 2LMoMo 
obeying the Malus law generated plane-polarized signals like 1Ls, which is consistent with the 
tensor model (Supplementary Note A). The signals of 2LMoW, however, were elliptically 
polarized with a ratio of 0.37 ± 0.03:1 between the minor and major axes irrespective of the 
sample orientation (𝜃). This observation is reminiscent of polarization mixing by a quarter-
wave plate made of birefringent materials. As depicted in Fig. 2b, two plane-polarized light 
waves with zero phase difference generate another plane-polarized light. With finite phase 
difference, however, the superposition leads to a light wave of elliptical polarization in general. 
Then it can be seen that the phase difference (ϕMoW = ϕMo - ϕW) between MoS2 and WS2 governs 
the SHG interference along with the stack angle, as illustrated in Fig. 2c. Note that ϕMo and ϕW 
represent the phase delay of SH fields generated respectively in MoS2 and WS2 with respect to 
the fundamental fields. Furthermore, one can determine the phase difference from the 
polarization-resolved data shown in Fig. 1d and Fig. S3 using the interference model of SH 
waves (Supplementary Note B). The minimum/maximum intensity ratios (R) in Fig. 1f were 
best described by the solid line representing ϕMoW = 61o at 800 nm. The value also agreed well 
with the average (61.0 ± 7.5o) obtained by fitting the data obtained from multiple samples (Fig. 
S3). This finding reveals that the phase delay between the fundamental and SH waves is 
substantially dependent on materials. As will be described below, the phase difference also 
exhibited a strong dependence on photon energy.    
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Using spectral phase interferometry13,21,22 as an independent and the most definitive 
probe, we directly measured the phase delay of individual TMD layers of the heterostructures 
(Supplementary Note C). As shown in Fig. 3a (see Methods), the reference SHG pulse (2𝜔ref) 
generated in an -quartz crystal was delayed by  (2.86 ps for Fig. 3b) behind the sample SHG 
pulse (2𝜔sample) because of finite optical dispersion between 𝜔 and 2𝜔 induced by the optical 
materials shown in Fig. 3a. During diffraction by a grating in the spectrometer, the two coherent 
pulses with a temporal width of ~100 fs were stretched to ~300 ps and overlapped each other 
in space and time at the CCD detector plane (Supplementary Note C). Unlike conventional 
intensity spectra, the SHG interferograms contained prominent oscillations, as shown in Fig. 
3b for 1LMo. Whereas the oscillation period of the interferograms in the frequency domain is 
inversely proportional to  21, the positions of crests and valleys depend on the phase delay 
defined with respect to the reference SHG signal from -quartz (Supplementary Note C). The 
interferograms in Fig. 3c present the oscillating components only with the rest removed using 
the Fourier transform analysis. We first confirmed that the interferograms shifted by half of 
one period when the 1LMo sample was rotated by 60
o or its multiples in Fig. 3c (top) (also see 
Fig. S5a for the phase inversion near 30o). Because such rotations inverse the lattice with 
respect to the polarization of the fundamental beam, the observation validates that the offset in 
energy corresponds to the phase difference between the two SHG signals. The phase values of 
1LMo were also consistent within three degrees at 800 nm across the sample (Fig. S5b). Even 
homo-bilayer area of 2LMoMo (𝜃𝑠 =33
o) gave phase values identical to that of each monolayer 
(Fig. S5c).  
Remarkably, the interferograms of 1LMo and 1LW areas in the 2LMoW sample showed a 
substantial offset in energy, as shown in Fig. 3c (middle) (see Fig. S6 for the optical micrograph 
and raw interferograms). The inter-material phase difference (ϕMoW) corresponding to the 
displacement was 61o at 800 nm and decreased significantly to 32o at 900 nm (Fig. 3c, bottom). 
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In Fig. 3d, we presented two sets of ϕMoW values independently obtained from the 
interferometry (Fig. 3) and polarized SHG measurements (Fig. 1) for a wide range of 
fundamental photon energy (ℏω). Most of all, both methods yielded highly consistent results 
for ϕMoW, substantiating the interference model involving complex susceptibility (Fig. 2 and 
Supplementary Note B). The agreement indicates that the interlayer interactions hardly affect 
ϕMoW because the interferometry probed 1L regions unlike the angle-resolved SHG. It is also 
notable that the phase difference drastically decreased and finally reached zero as the photon 
energy was lowered from 1.55 eV (800 nm) to 1.24 eV (1000 nm). For the highest energy (1.70 
eV for 730 nm) that could be handled with the setup, the phase was even larger than that for 
1.55 eV.  
To unravel the origin of the energy and material-dependence, we performed first-
principles calculations of the second-order susceptibility 𝜒(2) (see Methods and Supplementary 
Note D for the details of density functional theory calculation). The SHG phase values of both 
monolayers extracted from the real and imaginary parts of 𝜒(2) (Fig. S7) remained near zero 
for energy below 0.7 eV and exhibited a noticeable difference from each other for the 
fundamental’s energy above 1.3 eV, which can be seen more clearly in the calculated ϕMoW 
shown in Fig. 3d. We also note that the theory predicted the experimental data reasonably well. 
Viewing the amplitude of 𝜒(2) dictating SHG intensities (Fig. S7d) and optical absorption23, 
the rise of ϕMoW at 1.3 eV was attributed to the distinctive band structures and unequal optical 
transitions mostly by C excitons at ~2.8 eV (= 2ℏω) in the two materials11,23. The energy region 
above 1.6 eV where ϕMoW increased further is occupied with intense optical transitions of D 
excitons24. In the picture of a driven harmonic oscillator, finite damping (light absorption) at 
second-harmonic frequency leads to a phase delay with respect to the fundamental driving 
field13. Then nonzero ϕMoW and its frequency dependence are due to material-dependent 
resonance frequencies and damping. 
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In summary, we reported the optical second-harmonic interference occurring in the 
two-dimensional limit of atom thickness. The SHG signals from artificial 2D heterocrystals of 
MoS2/WS2 underwent coherent superposition and exhibited complicated polarization behavior 
for varying stack angle and photon energy. Using spectral phase interferometry and polarized 
SHG, we directly measured the inter-material difference of the SHG phase originating from 
differential interactions of both materials with light. First-principles calculations on second-
order susceptibilities revealed its electronic origins also verifying the superposition model. This 
work will also contribute toward creating novel nonlinear optical and photonic applications 
using low-dimensional materials. 
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Figure and captions 
 
 
Fig. 1. Anomalous SHG behavior of hetero-bilayers. (a) AFM height image of MoS2/WS2 
hetero-bilayer (2LMoW) and height profile along the dotted line in the image. (b) Schemes for 
artificially-stacked 2LMoW (left) and SHG detection using an objective (right). Samples with 
stack angle (𝜃𝑠) defined against the armchair directions (𝐴𝐶⃗⃗⃗⃗  ⃗Mo and 𝐴𝐶⃗⃗⃗⃗  ⃗W) of individual layers 
were rotated to vary azimuthal angle (𝜃). The polarization of the SH field (𝐸2𝜔) parallel to that 
of the fundamental field (𝐸𝜔) was selected. (c & d) Polar graphs of SHG signals (𝐼∥) from MoS2 
homo-bilayer (2LMoMo) (c) and 2LMoW (d): two individual layers (black and red circles) and 
bilayers (blue circles). The black and red dotted lines are cos2𝜃-fits to the data. The blue dotted 
and solid lines represent the superposition of SH fields based on real and complex 
susceptibilities, respectively (Supplementary Note B). The blue shades showing agreement 
between the experiments and the model highlight that the SHG intensity of 2LMoW does not 
reach zero at any angle. (e) SHG spectra with maximum and minimum intensities for 2LMoMo 
and 2LMoW, respectively. (f) Minimum/maximum ratio in 𝐼∥ of 2LMoW given as a function of 𝜃𝑠. 
The solid line represents a theoretical prediction for 𝜙MoW = 61
o, which matched with the data 
best (see Supplementary Note B). The fundamental wavelength was 800 nm for (c ~ f).         
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Fig. 2. Elliptical polarization induced by material-dependent SHG phase. (a) Polarization 
analysis of SHG signals from 2LMoMo and 2LMoW. The sample was rotated in a step of 10
o to 
give three different angles. The polar graphs are given as a function of angle (𝜃) between the 
analyzing polarizer and the polarization of the fundamental beam. Solid lines are fits to the 
data: plane polarization (cos2𝜃) for 2LMoMo and elliptical polarization (cos2𝜃 + 𝜀2sin2𝜃) for 
2LMoW. (b) Superposition of two plane-polarized SH fields without (2LMoMo) and with (2LMoW) 
phase difference. (c) Schematic representations of phase-delayed SHG in 2LMoMo (left) and 
2LMoW (right), respectively. 
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Fig. 3. Interferometric determination of SHG phase. (a) Instrumental scheme for spectral 
phase interferometry (see Methods for details). (b) SHG spectral interferogram (blue) in 
comparison with a conventional intensity spectrum (black) of 1LMo (ℏω = 1.55 eV). The inset 
presents the Fourier transform of the interferogram. (c) Interferograms of 1LMo oriented for 
two inequivalent 𝐴𝐶⃗⃗⃗⃗  ⃗ directions through 60o rotation (top). Interferograms of 1LMo (black) and 
1LW (red) areas in 2LMoW (𝜃𝑠 =26.5
o): ℏω = 1.55 (middle) and 1.38 eV (bottom). Solid lines 
are fits to the data (see Supplementary Note C). (d) SHG phase difference (ϕMoW) between 1LMo 
and 1LW determined independently by the interferometry, polarized SHG measurements (Fig. 
1), and first-principles calculations. 
 
 
 
 
